The contribution of different sources to the circumsolar dust cloud (known as the zodiacal cloud) can be deduced from diagnostic observations. We used the Spitzer Space Telescope to observe the diffuse thermal emission of the zodiacal cloud near the ecliptic. Several structures were identified in these observations, including previously known asteroid dust bands, which are thought to have been produced by recent asteroid collisions, and cometary trails. Interestingly, two of the detected dust trails, denoted t1 and t2 here, cannot be linked to any known comet. Trails t1 and t2 represent a much larger integrated brightness than all known cometary trails combined and may therefore be major contributors to the circumsolar dust cloud. We used our Spitzer observations to determine the orbits of these trails and were able to link them to two (''orphan'' or type II) trails that were discovered by the Infrared Astronomical Satellite (IRAS ) in 1983. The orbits of trails t1 and t2 that we determined by combining the Spitzer and IRAS data have semimajor axes, eccentricities, and inclinations like those of the main-belt asteroids. We therefore propose that trails t1 and t2 were produced by very recent (P100 kyr old) collisional breakups of small, P10 km diameter main-belt asteroids.
INTRODUCTION
The circumsolar dust cloud (known as the zodiacal cloud [ZC] ) is an excellent laboratory for the study of debris disks and their interaction with planets. Over the past two decades, NASA's space-borne facilities, such as the Infrared Astronomical Satellite (IRAS ), the Cosmic Background Explorer, and the Long-Duration Exposure Facility, have probed the spatial distribution of the ZC, accretion rates of dust particles on the Earth, the origin of interplanetary dust particles, etc. The analysis of data from these instruments provides a baseline for interpreting features of the debris disks that were discovered around many stars (e.g., see Greaves et al. [2004 Greaves et al. [ , 2005 for recent examples).
It is believed that cometary activity and asteroid collisions are the two major contributors to the ZC. The proportions in which these two sources contribute to the ZC, however, have yet to be precisely determined. Observed cometary trails and asteroid dust bands provide important constraints on this problem.
Cometary dust trails were first observed by IRAS (Sykes 1986 ) and consist of large refractory particles ejected from Jupiter-family comets (JFCs) at low speeds. Consequently, they tend to be found near the orbital paths of their parent bodies. The infrared (IR) brightness and length of a trail can be used to determine the comet mass loss (Sykes & Walker 1992) . For example, the total mass lost from comet 2P/Encke during its 1997 apparition is estimated to be 2À6 ð Þ; 10 13 g (Reach et al. 2000) . Asteroid dust bands were also discovered by IRAS as extended sources of IR emission roughly parallel to the ecliptic (Low et al. 1984) . These structures were produced by disruptive collisions of large, k10 km diameter main-belt asteroids (Dermott et al. 1984; Sykes & Greenberg 1986) . Precise modeling of these observations has been used to determine the contribution of disrupted large asteroids to the ZC (e.g., Grogan et al. 2001 and references therein).
The results indicate that the two prominent IRAS dust bands at inclinations 6 %2N1 and %9N3 are by-products of two recent asteroid disruption events. The former is associated with a disruption of an %30 km diameter asteroid occurring 5.8 Myr ago; this event gave birth to the Karin cluster (Nesvorný et al. 2002) . The latter came from a breakup of a large, >100 km diameter asteroid %8.3 Myr ago that produced the Veritas family (Nesvorný et al. 2003) . Together, particles from the Karin and Veritas families contribute by %5% of the ZC brightness in the wavelength range 10-60 m and for À50 < b < 50 , where b is the ecliptic latitude (Nesvorný et al. 2006b ).
Using the Spitzer Space Telescope, we observed the diffuse thermal emission of the ZC near the ecliptic and found candidates for the asteroid dust trails, which may have been produced by much more recent (P100 kyr old) asteroid collisions than those that produced the asteroid dust bands. If indeed asteroidal by origin, these trails may help us to determine the collective contribution of disrupted small asteroids to the ZC. This contribution is likely to be important because the two identified trails represent a much larger integrated brightness than all known cometary trails combined.
Here we describe our new Spitzer observations of trails (x 2), show how source orbits of observed trails can be determined (x 3), link them to IRAS observations (x 4), and determine the orbits by combining the Spitzer and IRAS data sets (x 5). Implications of this work are discussed in x 6.
OBSERVATIONS
We used the 24 m MIPS array of Spitzer to obtain four sets (A, B, C, D) of four parallel scans (1, 2, 3, 4) . The scans are 5A4 wide and go from +10 down to À10 in ecliptic latitude, b, except for scans C1 and D1, which reach down to b ¼ À13N5 and À14N4, respectively. Individual scans in each set run roughly parallel to each other across the ecliptic and are separated by 1N5 in ecliptic longitude, l. By co-adding all 128 pixels cross-scan, the MIPS images were used to generate ''noodles'' (M. V. Sykes et al. 2006, in preparation) with 2B5 in scan resolution that show profiles of the diffuse IR flux in 24 m as a function of b. These profiles provide much better sensitivity (about 10 times) and spatial resolution (2B5; about 20 times) than IRAS observations. Table 1 lists general information for our 16 noodles. Figure 1 shows the observed IR fluxes.
As expected, the observed emission peaks near the ecliptic. It shows broad shoulders, several degrees apart in ecliptic latitude, corresponding to the inner dust bands (denoted and in Sykes 1986) . Sets B and C show stronger signals than sets A and D because of differences in solar elongation. In sets B and C, where the elongation is smaller, the shoulders are narrower because the source of the emission is seen from a larger distance. Several additional humps in the flux profiles are also apparent (e.g., for b % À7
and b % 5N5 in set D). We used a Fourier filter to enhance small-scale structures in the noodles (see Reach et al. [1997] and Nesvorný et al. [2006b] for a description of the filter). The filter suppressed structures in the signal with latitudinal spreads <0N1 and >4
. Figure 2 shows the filtered profiles. Structures corresponding to the asteroid dust bands and trails clearly appear and are denoted in the figure.
The inner dust bands and (Sykes 1986 ) are nicely resolved, especially in set D. The -band pair appears to be %50% brighter than the -band pair. The southern component of the band shows b % À9 in noodle C1 (Fig. 2c , bottom line) as a pyramidal peak rising about 0.2 MJy sr À1 above the background. Noodle C1 had a favorable geometry and was extended past À10
, which allowed us to determine the filtered signal down to b % À10
. In other, shorter legs of set C, the southern component of the band produces an increasing flux intensity downward to b % À9
. The same feature can be seen at positive latitudes in set B.
Three major trails are denoted in Figure 2: 1. Trail 1, denoted t1, can be seen at b % 4N3 in set C and b % 5N5 in set D. It shows up as peaks that are %1 wide and 0.2 MJy sr À1 high. These peaks in two different sets of scans correspond to the same trail because the observing longitude for sets C and D was similar (Table 1) . In set D the hump corresponding to this trail is clearly split, showing two (or perhaps even three) peaks separated by about 0N3-0N4 in latitude (Fig. 3) . We denote these peaks t1a (the one at larger b) and t1b (the one at smaller b); t1b appears as a shoulder of t1 in set C.
2. Trail 2, denoted t2, appears at b % À6 in set C and at b % À7N5 in set D as humps in the signal approximately 1 wide and 0.1-0.2 MJy sr À1 high. The humps have a broad and concave structure (Fig. 3) .
3. Trail 3, denoted t3, is a sharp peak at b % 7N5À8 in all scans of sets A and B. With increasing longitude (following scan sequence 1, 2, 3, 4 in both sets), the exact location of the peak shifts to larger latitudes.
It is important to determine the sources of these trails because these sources apparently supply large quantities of dust to the ZC. For example, the peak surface brightness of t2 in our Spitzer data is 0.22 MJy sr
À1
, and its FWHM is 0N72. Therefore, the integrated flux is %0N18 MJy sr À1 or about 910 MJy arcmin
. For a comparison, typical comet trails have one-dimensional integrated fluxes of 2-20 MJy arcmin
. Therefore, trail t2 is about 2 orders of magnitude stronger in one-dimensional flux than a bright comet trail. The integrated flux of trail t1 is similar to that of trail t2. Together, trails t1 and t2 probably represent a much larger surface area than all observed cometary trails combined.
To identify the source of these trails we first tried to link them with known comets. We used a large number of JFCs and longperiodic comets with present perihelion distance q < 5:5 AU ( i.e., inside Jupiter's orbit) from Y. Fernández's list. 7 The orbit of each comet at the epoch of our Spitzer observations was obtained Notes.-The columns are: (1) noodle identification; (2) observation date; (3) scanning direction; (4) total number of pixels obtained; (5) exact time when each scan crossed the ecliptic; (6)-(8) ecliptic longitude and latitude of Spitzer's position and its distance from the Sun at the time shown in col. (5); (9) and (10) Spitzer-centric ecliptic longitude and solar elongation of the observing direction; and (11) measured 24 m flux at the ecliptic.
from the JPL's Horizons Web site. 8 We then determined the latitudes of orbits at longitudes corresponding to the individual scans. Finally, we compared those latitude values with the observed b of trails t1, t2, and t3.
Based on this method we determined that the source of trail t3 is comet 29P/Schwassmann-Wachmann 1. A short trail behind 29P/Schwassmann-Wachmann 1 (about 10 long) was found by Sykes & Walker (1992) in the IRAS data and was studied by Stansberry et al. (2004) using Spitzer. This object has irregular outbursts due to sublimation of carbon dioxide ice. By chance, our Spitzer scans intersect this short trail between 3N85 and 8N75 in mean anomaly behind the location of 29P/SchwassmannWachmann 1, producing t3.
Interestingly, none of the known comets provided a satisfactory match to trails t1 and t2. Similarly, none of the meteoroid streams listed in Jopek et al. (2002) matches the location of t1 or t2 in our Spitzer observations. Therefore, the origin of trails t1 and t2 has to be established by a different method.
ORBITAL FITS
One way to identify the source location of a trail is to determine its heliocentric orbit and compare it with the orbits of various populations of bodies in the solar system. For example, the main-belt asteroids have small eccentricities and inclinations and semimajor axes between 2 and 3.3 AU. The comets, on the other hand, tend to have large eccentricities and Jupiter-crossing orbits. Therefore, once the orbit of the trail is determined with a reasonable precision, it should be relatively easy to tell whether its source is asteroidal or cometary.
We used our Spitzer observations to solve for the orbits of trails t1, t2, and t3. We include trail t3 in this work, despite the fact that its orbit is known (it is that of comet 29P/SchwassmannWachmann 1), as a test case for our method. In the first step, we selected eight values of ecliptic latitude and longitude that best (1, 2, 3, 4) . Scans 2, 3, and 4 in each set were offset by 2, 4, and 6 MJy sr À1 , respectively, relative to scan 1 to appear clearly in the plots. Individual segments in each scan, each about 1 in length, were joined smoothly by multiplying observed fluxes in each segment by a factor f, where 0:9 < f < 1:1. This procedure removes from the signal the discontinuities between individual segments produced by the observation delays up to 6 hr. The value of the flux shown here can differ from the observed flux by up to 10%. correspond to t1, t2, and t3 in our Spitzer scans (each of these trails is seen in eight scans). The noodles were filtered to remove spatial features >4
. The high-frequency component was left in the signal. We fitted a polynomial to this filtered signal near the location of t1, t2, and t3 and determined the 1 error of the measurements. The mean derived value is 0.009 MJy sr
À1
, a value expected from the sensitivity of the Spitzer instrument (recall that 128 pixels were co-added cross-scan).
Next, we selected an approximate value for the observed b of each peak. Using an interval of length Á around this value, we fitted a second-order polynomial, a 0 þ a 1 b þ a 2 b 2 , to the signal and determined the latitude of the maximum, b max ¼ Àa 1 /2a 2 . The uncertainties in a 0 , a 1 , and a 2 were used to determine 1 errors of b max . This estimation of error is valid only if the parabolic profile can be satisfactorily fitted by a parabola, like in cases in which Á is small. For large Á, we assumed that the error of b max is 1 0 . We used Á ¼ 0N01 and 0N1 for t1a, Á % 0N7 for t1, Á ¼ 1 for t2, and Á ¼ 0N01 and 0N1 for t3. For small Á, b max falls close to latitudes corresponding to the maximum of peaks shown in Figure 3 . Fits with the Á values that are more comparable to the latitudinal widths of peaks produce somewhat smaller jb max j due to a slightly asymmetrical shape of the peaks (Fig. 3) . Tables 2, 3 , and 4 show the position of Spitzer and its pointing geometry at the exact moment when it scanned over b max corresponding to t1, t2, and t3, respectively.
In the second step, we sampled over 10 9 heliocentric orbits for each trail with each orbit being defined by its semimajor axis, a, eccentricity, e, inclination, i, perihelion argument, !, and nodal longitude, . The orbits were then projected 9 onto the sky as they would be observed by Spitzer on the specific observation dates listed in Table 1 . The Spitzer-centric latitude of an orbit, b orb , was determined at the intersection of each orbit with the Spitzer scans. We defined
where index j denotes individual scans, N ¼ 8, and j is the 1 error of b
max . Table 5 lists the orbital fits that produced the smallest 2 . . Inner asteroid dust bands ( and ; Sykes 1986) and trails (t1, t2, and t3) are denoted. The artifacts at extreme latitudes were produced by the filter. 9 The orbits and orbital elements used here, as well as the coordinates of the spacecraft, are heliocentric. Observing latitudes and longitudes are spacecraftcentric. We make rigorous transformations between these two reference systems in the fitting code. Figure 4 shows the best-fit orbits for t1a. The best-fit value of 2 is 30.1 in this case (Á ¼ 0N1; Table 5 ), which is larger than the number of observations used to determine the orbit (N ¼ 8). Apparently, the maxima of the brightness cannot be fitted by an orbit with formal precision j determined by the polynomial fit. This is an expected result, because the maxima of broad peaks in the filtered scans (Fig. 3) do not necessarily correspond to a single heliocentric orbit. Instead, the peaks are produced by a collection of particles moving in various, slightly different heliocentric orbits. Fig. 3. -Part of the filtered profiles near trails t1 (left) and t2 (right). Trail t1 is split into two peaks, which we denote t1a and t1b. Trail t2 shows a complicated structure that changes with observing longitude l. Notes.-We used Á ¼ 0N6 for scans in set C and Á ¼ 0N8 for scans in set D. The columns are: (1) scan identification label; (2) time of the observation; (3)-(5) ecliptic longitude, latitude, and heliocentric distance of Spitzer at the time shown in col. (2); (6) and (7) Spitzer-centric ecliptic longitude and latitude of t1 in each scan; and (8) error in b max (assumed to be 1 0 here). Notes.-We used Á ¼ 1N0. The columns are: (1) scan identification label; (2) time of the observation; (3)-(5) ecliptic longitude, latitude, and heliocentric distance of Spitzer at the time shown in col. (2); (6) and (7) Spitzer-centric ecliptic longitude and latitude of t1 in each scan; and (8) error in b max (assumed to be 1 0 here). With Á ¼ 0N1, the best-fit orbit matches observed latitudes of t1a in scans C and D to within 30 00 in b; we consider this to be a satisfactory precision. The precision is lower with Á ¼ 0N01, for which the latitudes agree only to %80 00 . This comparison suggests that the orbits of dust particles do not follow the exact locations of maxima in Figure 3 but rather intersect (on average) the approximate ''centers'' of each peak that can only be defined from a larger range of latitudes (i.e., from larger Á).
We used the following method to define a 95.4% confidence region around the best-fit orbit. We normalized 2 to 2 norm ¼ 2 N / 2 min , where 2 min is the best-fit value of 2 . The 95.4% confidence region is then a five-dimensional domain in the space of a, e, i, !, in which 2 norm < N þ 11:3 (e.g., Press et al. 1992) . Figure 4 shows that the inclination and nodal longitude of t1a are particularly well defined. The best fits have i % 4N6 and % 85
. Most orbital solutions also show e P 0:3 and Fig. 4 . The orbital fits were determined from our Spitzer data with Á ¼ 0N6 for set C and Á ¼ 0N8 for set D.
1 AU P a P 3 AU. Perihelion longitudes ! are not well determined from our observations for the low-e orbits. There are two high-e tails extending to small and large a. These tails have a(1 þ e) % a circ and a(1 À e) % a circ , respectively, where a circ ¼ 2:25 AU. The best-fit values of ! for these high-e orbital solutions are clustered within %20 -270 (for low-a orbits) and to 40 (for large-a orbits). Figure 5 shows our best-fit orbits for t1 determined with larger Á. These fits show values of i that are about 0N15 lower than those obtained for t1a and values of that are about 2 lower. The difference in the best-fit i between t1a and t1 is larger than the formal errors determined in each case (i.e., 95.4% confidence regions of t1a and t1 in the i, projection do not overlap). This difference probably stems from the fact that we cannot resolve individual orbits in the trail and measure only their collective contribution. Consequently, a larger uncertainty of i and should be allowed than the formal uncertainty of our orbital fits listed in Table 5 .
The 95.4% confidence region in Figure 5a is shaped similarly to that in Figure 4a showing larger i for larger . This correlation between i and can be readily explained by the way these orbital elements must adjust to match the Spitzer observations. The quality of the best fits for t1's orbit is comparable to those obtained for t1a (i.e., %25 00 precision in b). The value of ! for the high-e orbits is confined in ways similar to those discussed for t1a above. Figure 6 shows the best-fit orbits for t2. These fits show larger values of 2 than those obtained for t1 (Table 5 ). The orbital elements of t2 are also not constrained that well. Inclinations are found to be between 7 and 8 , and nodal longitudes range between 290
and 298 . Figure 6b shows that the source of t2 may be asteroidal (if e < 0:3) or cometary (if e > 0:3). None of the existing comets currently has i and in (or close to) the 95.4% confidence region shown in Figure 6a . Additional observation data are needed to better determine the orbit of t2. Figure 7 shows the best-fit orbits for t3. We obtained these orbit solutions by the same method used for trails t1 and t2. The fit constrains the orbital elements in important ways: 9N2 P i P 9N6 and ¼ 313 AE 2 . The predicted orbit has a semimajor axis slightly larger than that of Jupiter and e P 0:3. Figure 7 . The similarity of a, e, i, and between the predicted orbit of t3 and that of comet 29P/Schwassmann-Wachmann 1 reinforces our previous identification of trail t3 with the trail of this comet. It also validates our method of orbit determination for trails from Spitzer's observations. Sykes (1988) and Sykes & Walker (1992) identified a number of trails in the IRAS data that do not correspond to any known comet. They call them type II, or ''orphan,'' trails. These trails may have detached from their parent comets by Jupiter's orbital perturbations. Alternatively, some type II trails may have been produced by comet or asteroid disruptions. Sykes and <0N1 in ecliptic latitudes. IRAS's type II trails A and B are denoted. Several comet trails that appear in this plot have been identified by Sykes & Walker (1992) and correspond to comets Tempel 1 and 2, Encke, Kopff, and Gunn. The trail of comet 29P/Schwassmann-Wachmann, which is difficult to see in the bottom plot, has b % À10 and l % 200 (Sykes & Walker 1992) . The close correspondence between the expected locations of Spitzer's trails t1 and t2 in the IRAS data and the locations of IRAS's trails A and B, respectively, suggests that t1 is A and t2 is B. Notes.-We used Á ¼ 0N7 here. The columns are: (1) scan identification label; (2) time of the observation; (3)-(5) ecliptic longitude, latitude, and heliocentric distance of IRAS at the time shown in col. (2); (6) and (7) IRAS-centric ecliptic longitude and latitude of A in each scan; and (8) error of b max . Listed values of j were determined by the method described in the main text.
RELATION OF t1 AND t2 TO TYPE II TRAILS
(1990, Fig. 2) lists the main type II trails as A, B, C, and D. We use the same notation here.
Figure 8 (bottom) shows filtered IRAS data corresponding to HCONs 1 and 2. 10 We used the same filter parameters here as for the Spitzer data. Trail A extends over about 80 in ecliptic longitude, between l % 60 and 140 . Its latitude varies from b % 0
. Trail B extends over at least 60 in l, from %100 to %160 (it is not clear whether it continues beyond l ¼ 100 , because there is strong Galactic emission at l < 100 ). Trail B starts at b % 0 for l ¼ 100 and goes down to b % À7 for l ¼ 160
. Trails C and D are more dispersed structures that were not detected in HCONs 1 and 2.
We have taken one of the best orbital fits for our Spitzer trails t1 and t2 and projected these orbits onto sky locations where they would be observed by IRAS. Figure 8 (top) shows this projection. It is apparent from the comparison of the panels in Figure 8 that the predicted locations of trails t1 and t2 in the IRAS data correspond well to the locations of IRAS trails A and B, respectively. In addition, the brightness and latitudinal spreads of t1 and t2 seen in the Spitzer data are comparable to those of IRAS trails A and B. We therefore identify t1 with A and t2 with B. Figure 9 shows the projection of our best-fit orbit into IRAS's HCON 3. Trail B was not found in HCON 3. Trail A appears in HCON 3 as a short line segment about 40 long in l, near l ¼ 140 and b ¼ 4 . The predicted path of t1 in HCON 3 passes near the observed segment (Fig. 9, top) but is slightly more inclined to the ecliptic than the observed trail A and has a bit smaller b. In x 5 we compensate for this slight difference by adjusting the best-fit orbits to better match these IRAS observations.
ORBIT FITS FOR t1/a AND t2/b FROM Spitzer
AND IRAS DATA Having identified trails t1 and t2 with trails A and B in the IRAS data, we may now use the location of these trails as determined by IRAS observations to improve the orbit determination. Trails A and B are best visible in the 25 m IRAS filter. We Notes.-We used Á ¼ 0N7. The columns are: (1) scan identification label; (2) time of the observation; (3)-(5) ecliptic longitude, latitude, and heliocentric distance of IRAS at the time shown in col. (2); (6) and (7) 10 Each IRAS scan had a width of 0N5 and was shifted in ecliptic longitude by 0N25 on the subsequent orbit, allowing a fixed source to be scanned twice in the 103 minute orbital period. This was referred to as an ''hours-confirmed observation,'' or HCON. During the initial portion of its mission, IRAS would map out a section of sky ( HCON 1) and after about a week remap the same section ( HCON 2). During the last 3 months of the mission, a third map ( HCON 3) was attempted using a larger range of solar elongations. It covered 72% of the sky before the satellite terminated operations. selected several 25 m IRAS scans in which these trails can be readily identified. Information about these scans is listed in Tables 6 and 7 . To identify the exact latitudinal locations of trails A and B in each scan, we used the polynomial fit method described in x 3. The IRAS data are significantly noisier than the Spitzer data. Therefore, the formal errors of b max determined by the polynomial fit are relatively large.
We first attempted to fit for the orbits of trails A and B using the IRAS data alone. These orbital fits are listed in Table 5 . The quality of the orbital fits is significantly lower than those obtained for t1 and t2 from Spitzer; the best-fit orbits match the IRAS observations of trails A and B to within 9 0 and 30 0 , respectively (compared to about an order of magnitude better precision with Spitzer).
For trail A, the best-fit orbits have 60 P P 70 , 4N2 P i P 4N8, e P 0:3, and 2 AU P a P 4 AU. This range of orbital elements is comparable to those obtained for t1 from Spitzer. Interestingly, most orbits of trail A as determined from the IRAS data have low eccentricities and a in the range of the main asteroid belt.
Nodal longitude determined for trail A from IRAS is smaller by 10 -20 than values of determined for t1 from Spitzer. It is unlikely that this difference was produced by the secular precession of between 1983.5 (epoch of IRAS observations) and 2005 (epoch of Spitzer observations), because planetary perturbations cause < 0 and small jj, while large and positive would be needed to shift by 10 -20 in 21.5 yr. Assuming that the orbit of t1/A has not changed in the interim period, we searched for the best-fit orbits of t1/A from both Spitzer and IRAS observations. These orbits match b max in the Spitzer data to about 2 0 (compared to 0A4 when only Spitzer data were used) and the b max in the IRAS data to %10 0 . The combined fit requires that 2 AU < a < 3 AU and 0:15 < e < 0:3 (Fig. 10) . This range of a and e, and small values of i that we consistently obtain for t1 from all data sets, suggests that the source of t1/A may be asteroidal. The combined fit requires that 4N15 < i < 4N35, 61 < < 67 , and 140 < ! < 220 .
We performed a number of tests to see how the orbital fits determined from the combined Spitzer and IRAS data depend on the selection of scans used in the orbit-fitting program. For example, we combined the Spitzer data with IRAS's HCONs 1 and 2 only and fitted for orbits from 12 data points (eight Spitzer data points from Table 2 and four IRAS data points corresponding to HCONs 1 and 2; Table 6 , first four rows). The best-fit orbits determined in this test have a slightly larger range of i and than that in Figure 10 . Like in Figure 10 , however, most of the best-fit orbits are located in the main asteroid belt. This result shows that our conclusion about the asteroidal origin of trail t1/A does not rely on the input from IRAS's HCON 3.
The orbital fits for trail B from the IRAS data show a large spread in a and e. This is due to the fact that trail B has been observed in HCONs 1 and 2 only where the solar elongation of the telescope's pointing direction did not vary much. It is therefore difficult to determine the orbit from IRAS data only. When Spitzer and IRAS data are used together, however, we find that most best-fit orbits for t2/B are asteroidal (Fig. 11 ). Despite this, there exists a tail of solutions with large a and e that correspond to cometary orbits. Additional data will be needed to better constrain the orbit of t2/B.
DISCUSSION
Our orbital fits suggest that the source of trail t1 may be asteroidal. This conclusion relies on the combined fits in which Spitzer and IRAS observations were used together. While useful, it is not ideal to combine these data sets, because (1) IRAS data are relatively noisy, making it more difficult to determine the exact latitudinal locations of trails, and (2) we must assume that orbits did not change much in the period between IRAS and Spitzer observations. Assumption (2) is likely to be correct if the source has a stable orbit in the main asteroid belt. If, however, the orbit was Jupiter-crossing (e.g., a JFC's orbit), encounters with Jupiter may have modified it, and assumption (2) may be incorrect.
A recent collisional breakup of a main-belt asteroid would not only produce a strong dust trail, but the large fragments released during the breakup could also potentially create an observable asteroid family. We searched for asteroid families that would have orbital elements near those predicted for t1 and t2. We used the hierarchical clustering method (Zappalà et al. 1990 ) with a generalized metric in the five-dimensional space of osculating orbital elements: a, e, i, !, and (see Nesvorný et al. 2006a; Nesvorný & Vokrouhlický 2006) . We found no obvious clusters that could be linked with t1 or t2. This result probably implies that the disrupted body was small, perhaps only several kilometers across, such that the largest fragments produced by the breakup have sizes below the current detection limit. According to Bottke et al. (2005) , a 1 km diameter asteroid disrupts in the main belt every $100 yr and a 10 km diameter asteroid every $100 kyr.
If the ejection speeds of fragments, V , from these disruptions were of the order of 10 m s À1 , we estimate that the fragments were spread in semimajor axis by a ¼ 4aV /V $ 5 ; 10 À3 AU, where V % 20 km s À1 is the orbital speed for a ¼ 2:3 AU. Having different semimajor axes, the fragments then started to differentially spread in mean anomaly M, !, and .
Particles in trails t1 and t2 must have narrow spreads in at the current epoch (we would not otherwise obtain good orbital fits). This sets a firm upper limit on the age of these trails. Using the results of Sykes & Greenberg (1986) , we estimate that trails t1 and t2 cannot be older than $100 kyr. A detailed model of the differential precession of nodes could be used to better constrain the age of trails t1 and t2. This model will have to include effects of radiation forces such as Poynting-Robertson drag and account for collisional disruptions of migrating small particles. Such a model could also be useful to explain the double-peaked structure of trail t1 (Fig. 3) .
The lengths of observed trails A and B in the IRAS data may provide additional constraints on the age. There are two possibilities: (1) due to favorable observing conditions, IRAS detected only parts of trails A and B, which are actually spread over 360 in M (i.e., trails are tubes); or (2) the lengths of the observed arcs directly correspond to the spread of particles in M (i.e., trails are arcs). As for (1), we estimate that the variation of 24 m brightness of trails t1/A and t2/B from perihelion to aphelion of their asteroidal orbits should be a factor of a few. It is not obvious whether this variation is large enough to favor (1).
Unfortunately, it is also difficult to determine whether Spitzer and IRAS could have observed the same arc of trails t1 and t2. This is due to the fact that the uncertainty in the semimajor axis of trails is large, so M cannot be reliably tracked over the time period that separates the IRAS and Spitzer observations (about 21.5 yr). Conversely, the nondetection of trails t1 and t2 in noodles A and B could provide a better constraint on the extension of trails because of the sensitivity of Spitzer observations and because all our observations were taken within a period of only 2 months (so that particles did not move much along their orbits).
To help address this issue we determined the expected ecliptic coordinates of trails t1/A and t2/B that correspond to the observing geometry of Spitzer during Cycle 1. Figure 12 shows that scans A and B were not sufficiently extended above the ecliptic plane to cross over the expected location of trail t2/B (b % 10 À12 ). It is therefore not surprising that this trail was not detected in our sets A and B. Conversely, the expected location of trail t1/A in scans A and B is b % À4
, well within the scanned interval of ecliptic latitudes. It is unfortunate, however, that the strong south component of the inner dust band is also located at b % À4
. Aweaker signal of trail t1/A may then be hidden and easily overlooked at this latitude. The nondetection of trails in scans A and B cannot, therefore, be used to favor (2). The question of whether trails t1/A and t2/B are arcs or tubes remains open.
The cometary origin of trail t2/ B cannot be strictly excluded with the present data because our orbital fits allow for some orbit solutions with comet-like large e. Additional observations are needed to resolve this issue. Ideally, we would plan the observations to obtain scans with Spitzer at several different ecliptic longitudes, at least two different solar elongations, and across the latitude values predicted for the orbits determined here. Such observations would be extremely useful to determine (1) the orbits of t1/A and t2/ B precisely and (2) whether the trails are arcs or tubes. The results would have major implications for our understanding of the age of the observed trails and the overall contribution of small asteroid breakups to the zodiacal cloud. This paper is based on work supported by the Spitzer Cycle 1 grant entitled ''The Production of Zodiacal Dust by Asteroids and Comets.'' Work by D. N. was funded by NASA under PGG grant NAG513038. Research funds for W. F. B. were provided by NASA's OSS program (grant NAG510658). We thank T. Spahr for his inspiring comments on the submitted manuscript.
